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A Overview
CRE

Timeline:

« Project has supported DOE/industry advanced
engine development projects since 1997

Budget: - Direction and continuation evaluated yearly
DOE funded on a year-by-year basis

« SNL $740k (FY13),$750k (FY12) | |Barriers addressed:
« UW 5200k (FY13), 5230k (FY12) A Lack of fundamental knowledge
B, G Lack of cost-effective emission control

Partners: C  Lackof modeling capability

» 20 industry/national laboratory | |Technical targets addressed:
partners in the Advanced

° 0) i H
Engine Combustion MOU 40% diesel fuel economy improvement

. Close collaboration with GM Tier 2, bin 2 emissions

and Ford diesel groups . Emission control efficiency penalty < 1%
. Additional post-doc funded by -+ 30 S/kW power specific cost
GM

(Barriers/Targets from EERE-VT 2011-15 Multi-year plan)
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A\ Technical/Programmatic Approach

Objective:  Develop a fundamental understanding of the
combustion process
« Validate and improve computational tools for design

UW Simulations

+ Interpretation of experiment

SNL Optical Engine

+ Optical measurements of flow
and species

E —>
GM1.9/

. Model devel .

head/cylinder set odel developmen

« Emissions and pressure analysis - Optimization methodologies

- Model assessment « Numerical studies

DOE & GM
funded

DOE & GM
funded

Programmatic Leverage:

« Closely coordinated program with both modeling and experiments

- Significant leverage of DOE funds by support from other sources

- Focused on an engine platform used by several other research groups (UW, ORNL)
- Collaboration with SNL heavy-duty research to generate unified understanding

- Input from and technical transfer to industry strongly established
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Collaborations
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WithinVehicleTechnologies program:

- Formal collaboration between SNL-UW

- Data transfer to OEMs, NDA’s (Ford/GM) to allow transfer of geometry

« Regular teleconferences (GM/Ford)

- Collaboration with heavy-duty/cross-cut projects (ACE001 and ACEQO05)

- Participation in Advanced Engine Combustion group, including presentations and
discussion with 21 industrial/national laboratory partners:

bp
_ A ed Shevmn .
0 @ ﬁ @ E)f(cm Mobil - S NREL tatonsiRenemtie rergy Laorsor
CHRYSLER ] awrence Livermore - O Shell Global Solutions a D ArSoNNE @
Oak RIDGENATIONAL LABORATORY JOHN DEERE #

>
ConocoPhillips —

CATERPILLAR (77) sandia National Laboratories o R A——— @

Ex-VehicleTechnologies program:
- Separate GM funding

- Strong ties with Lund University, - Exchange students perform research at Sandia
Friedrich-Alexander University, - Joint review articles on engine flows and combustion
Université de Poitiers - SNL staff participates in LU research projects
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?/\\:RF Overview of Technical Accomplishments

« Measurement, simulation, and analysis of in-cylinder equivalence ratio
distributions:

Status March 2012: Quantitative toluene/n-heptane/iso-octane planar laser-
induced fluorescence (PLIF) technique developed and applied to baseline 3 bar
IMEP operating condition. Rs and Pjnj sweeps performed

Progress past 12 months:

- Quantitative analysis of baseline operating condition, Rs and Pjnj sweeps.
Correlation of ¢ distributions with measured UHC & CO distributions. Com-
parison with simulations, impact on heat transfer losses

- Measurement and analysis of SOI effects for both early-injection (PPCI) and
late-injection (MK) LTC strategies. Identification of dominant role of kinetics

- Vertical plane imaging performed to capture bowl/squish volume fuel split

- Development and first application of 1-methylnaphthalene/n-cetane/iso-
cetane PLIF technique to better match real fuel volatility.

e Scoping studies of pilot, split, and post injection strategies on UHC, CO,
soot, and noise under light-load LTC conditions

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



q‘

‘2
Wora Relevance

e The mixture formation process directly impacts soot, NOx, HC and CO emis-
sions as well as combustion noise. Trade-offs adopted seeking to balance
these factors unequivocally impact BSFC, e.q.:

- Excessive near-stoichiometric mixture near ignition leads to high noise and high
NOy, thereby forcing non-optimal combustion phasing (timing retard)

- Noise reduction in early-injection LTC strategies requires higher EGR than is
needed for NOx control, leading to combustion inefficiency and slow burning

* In-cylinder emission control is critical under cold-start conditions

e Multiple injection strategies impact the details of the mixture formation pro-
cess and the time available for mixing and can improve both emissions and
BSFC

A better understanding of the mixture formation process and better predictive
tools directly addresses EERE-VT technical targets:

e 40% diesel fuel economy improvement e Tier 2, Bin 2 emissions

e Emission control efficiency penalty < 1% e 30 S/kW power specific cost
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MLt

valve pockets

access @TDC

Measurements are made ina GM 1.9L
optically accessible engine

« Piston geometry has production-like bowl and

« Top ring-land crevice approximately 3—4 times
volume of production engine crevice

« Gap-less compression rings reduce blowby
« Recessed liner windows allow squish volume

« Fluorescence collected through piston

Engine Geometry

Injector specifications

Bore 82.0 mm
Stroke 90.4 mm

Displ. Volume 0.477 L
GeometricCR 16.7
Squish Height 0.88 mm

Injector Bosch CRI2.2

Nozzle Type Mini Sac (0.23 mm3)

Holes 7
Nozzle diameter 0.139 mm
Included Angle 149°

Hole geometry KS1.5/86

Laser
sheet

Engine Facility and Experimental Set-up

y

1% -
h =
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X \ \\‘/
\r'
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‘ |
Viston Mirror

WG295 Filter

Pl MAX ICCD
« 512 by 512 resolution
« 250 ns gate
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A\ Measurement Overview
CRE. s01=-23.3° Rg = 2.2, Pj,i = 860 bar

Plane 1 (clearance)

Measurements are made in three planes...
Clearance volume plane
Bowl rim plane
I "J)“ A~ 1
& |
| |
Lower bowl plane
Darkened areas of the laser sheet indicate visible regions
orf 110
..through the start of HTHR (SOC) E o N
P O | | | S Eo §
g\J : 30} HTat I % >\10 é 05
P & L o5 P
%2 20
§ 5 30 Plane 2 (rim) o
% 10
125 30
* 0
. | | 0.0 20 o -
0 0 CrankAongIe " @ 510 ' _
£o0
- The distributions at SOC allow a significant understand- "0 8\
ing of the origins of HC/CO emissions to be extracted 20
- The mixture preparation process is clearly illustrated Pl Plane3(bowh)
. . . . 30 20 10 0 10 20 30
and provides unique data for model validation [mm)
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2. Homogeneous reactor simulations link
.\ CRE

¢ distributions at CA10 to emissions

SOI=-23.3°

N
0

N
R

—— Plane 1
Plane 2

e The fuel mass at each ¢ can be )
computed from the images

Fuel mass [a.u.]
(=) -
(9 ] — U‘I

o .

N. N. N. N.
)= Ym0, )= e
Mt @)= 222 1 et 0 )= 222 01 1M
o joi m .
stoich

charge '; l L L L
S —
% S0t Obtained from |
< [ homogeneous |
o 60r reactor ]
e Multiplied by the UHC or CO yield S 0l simulations
predicted in the absence of further = | f
mixing 5 201 /
R —e—— —
O - ane
Y o4y e
9 Y A B U T UHC Plane 2
. . g . . % 031 CO Plane 2
» To provide a qualitative prediction - S 1 T W COPlane s
of UHC and CO emissions from ) 502/
. (<)) I
both rich and lean sources g o1l
I.% 0 A TR . -m. "
0 0.5 (1) 1 1.5
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2n.  We can also generate images of expected

- UHC & CO distributions

UHC co

Plane 1 (clearance) (-5.0° CA) Plane 1 (clearan ce) (-5.0° CA)

ar Strong bias toward UHC & CO
sources from lean mixture in the
upper cylinder & squish volume

e In-cylinder UHC/CO dominated
by these same regions:

a." gl s
G, (partially- 1 cO 1
io.s io.s Plane 2 (rim) Plane 2 (rim)
0
0 0

burned)

e Strong evidence that CO and
UHC emissions are very closely
linked to the initial mixture
preparation process Plane 3 (bowl) Plane 3 (bowl)

30 20 10 O 10 20 30 30 20 10 O 10 20 30
X [mm] X [mm]

N
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CRE. (4 dist. @ CA10)

Increased P;; gives:

- Greater jet penetration into the
squish volume, with more jet
peripheral area (crevice UHC)

- Higher ¢ in the head of the jet,
with greater potential for rich-
mixture CO (and soot & UHC)

« More over lean mixture in the
upper-central region of the
combustion chamber

- More over lean mixture deep in

the bowl
P Co UHC
[bar]  [g/kgfl  [9/kgH]
Engine 500 96.7 10.5
o 860 | 121.2 1.2
€missions. 570 | 130.0 11.0

Impact of Injection Pressure on HC/CO yield

Expected CO Yield

Pinj =500 bar

Pinj = 860 bar

Plane 1 (clearance)

Pinj = 1220 bar

Plane 1 (clearance)

Plane 1 (clearance)

% Fuel Energy

Plane 2 (rim)

% Fuel Energy

Plane 2 (rim)

% Fuel Energy

-

Plane 3 (bowl)

Plane 3 (bowl)

Plane 3 (bowl)

30 20 10 0 10 20 30
X [mm]

30 20 10 0O 10 20 30
X [mm]

30 20 10 O 10 20 30

X [mm]
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Emission behavior is explained by
a trade-off between the emissions
from different regions

- UHC and CO sources initially in-
crease with swirl due to increased
lean mixture in both the upper
cylinder and the squish volume

- Lean squish volume sources in-
crease at all swirl ratios

- With higher swirl HC/CO from the
bowl drop due to mixture stratifi-

cation
R 0) UHC
*  lg/kg-fl  [g9/kg-f]
Engine 1.55 96.2 8.9
o 2.2 117.8 10.5
€emissions. 3¢ 953 123
4.5 87.6 11.6

Impact of Swirl Ratio on HC/CO vyield
Start of HTHR (CA10)

Expected HCYield

R =1.55

Plane 1 (clearance)

R =2.2

Plane 1 (clearance)

Ry=3.5

Plane 1 (clearance)

Plane 2 (rim)

Plane 2 (rim)

Plane 2 (rim)

Plane 3 (bowl)

Plane 3 (bowl)

Plane 3 (bowl)

30 20 10 0 10 20 30
X [mm]

30 20 10 0O 10 20 30
X [mm]

30 20 10 0O 10 20 30
X [mm]
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Clear trends observed as
injection is retarded:

e Less fuel in the squish volume,
less penetration, lower peak ¢

e Less lean mixture between the
heads of the jets

e Less over-lean mixture in the
upper-central regions

e Richer mixtures deep in the
bowl, but not overly rich

From a mixture preparation
viewpoint, retarded injection
is preferred

SOI=-27.8°

Plane 1 (clearance)(-5.0° CA)

Impact of Injection Timing

(MBT timing)
SOI=-23.3°

Plane 1 (clearance) (-5.0° CA)

SOI=-12.5°

w

Plane 1 (clearance) (2.5° CA)

Swirl

Plane 2 (rim) || Plane 2 (rim) || Plane 2 (rim)

s 15 s

- o gl = °
’ > g0 ' S0 ’ SHo

g ' ; / s

g S g

¢ 0 N s H
ufdos H < Hos H \.\ & F 105

S ‘ -

Plane 3 (bowl) 00 [1Plane 3 (bowl) 0.0 [1 Plane 3 (bowl) 0.0

30 20 10 0 10
X [mm]

20 30

30 20 10 0 10
x [mm]

20 30

30 20 10 0 10
x [mm]

20 30
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A Retarded injection significantly impedes

N
CRE. lean mixture oxidation

80 SOI-12.5 |

e Retarded SOl significantly = | SOI-23.3 ||

. 5 o [ ]

increases the ¢ at which g 60| SO I

. ; : PPCI Conditions -

complete oxidation s | ; |

P 3 40! Injection 10% 02
OCCUrs s ' retard
.. S 20l
e UHC emissions suffer to a v -
greater extent than CO = ol N __—

(slow reaction impedes

80|
formation of CO) = 60 I High temperature
o our OH-driven
o o o o )
Optimal SOI timing is due 5 | heat release
to a balance between g 401 not achieved
mixture formation and S ol >
kinetics of oxidation s |

(=

o
.t
N
o |
]
o |
o
ot
o

¢
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/'« Peak ¢ well predicted

- Penetration under pre-
dicted at low Pinj in
both the squish volume

and the lower bowl
— models calibrated at
higher P;;. We are re-

calibrating against low
Pinj ECN data

« Turbulent diffusion

clearly under-predicted

— seemingly inconsistent
with under predicted
penetration

« Over-lean mixture in
upper cylinder poorly
predicted

Comparison with model: Impact of P;;;

P

inj

Model

Clearance plane

= 500 bar

Experiment
Clearance plane

P

inj

Model

Clearance plane

= 1220 bar

Experiment

Clearance plane

AN

_ ‘\.‘, _

2 0 2

-2 0 2

Bowl rim plane

Lower bowl plane

Lower bowl plane

Lower bowl plane

i * 5 z ’ } ’
~ 4 Ny - .‘\vd d \8 ,
-2 0 2 -2 0 2 -2 0 2 -2 0 2
radius [cm] radius [cm] radius [cm] radius [cm]

1.5

0.5

-—

©
. m .
Equivalence ratio

- O

0.5
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- Penetration into the
squish volume under
predicted at high Rs;

lower bowl| penetration

seems reasonable

- Jet deflection over
predicted at all Rs

- Turbulent diffusion
again under-predicted

 Over-lean mixture in
upper cylinder poorly
predicted

Comparison with model: Impact of swirl

Rs=1.55
Model

Clearance plane

Experiment
Clearance plane

Rs=4.5

Model

Clearance plane

Experiment
Clearance plane

i)
©
()
c
055
©
2
>
o
L L O Ll
2 0 2 2 0 2 2 0 2 2 0 2
1
| f ) | A s
R N | \\vif, b
e E ol 1= ] .
L L L L L L L L L L L L 0
-2 0 2 -2 0 2 -2 0 2 -2 0 2
radius [cm] radius [cm] radius [cm] radius [cm]
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. Cz\\fi’F Discrepancies in model predictions suggest
"~ two main courses of action

« Turbulent diffusion is under-predicted

- Jet deflection, penetration, and turbulent diffusion are overly sensi-
tive to swirl (this observation encompasses low injection pressure result)

- Over-prediction of jet entrainment would result in greater jet deflection,
lower penetration, but not an under prediction of spreading/diffusion

- Over-prediction of the swirl velocity is a more consistent possibility
(greater deflection, lower penetration, 2nd-order impact on diffusion)\/

- Inaccurate swirl prediction in the squish volume more likely v
(valve pockets, head features absent due to use of sector mesh)

Action: Examine mean flow differences observed with a detailed, 360° mesh

 Over-lean mixture in upper cylinder poorly predicted
Critical for accurate prediction of low-load UHC/CO

Action: Examine gas jet model performance in predicting end-of-injection in-
crease in entrainment (model based on steady jet theory)

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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A 360° mesh results in significant differences
in the swirl flow in the upper cylinder

EarIy rasults Swirl Velocity Profile comparison
5 2000 ‘ o ‘ ‘
- ’I ¢ Sector mesh
= . "'\. *  Full mesh
. = 1500+
. Large differences §
o o o P
in the swirl velocity £ 5,
are seen, especially 2
within the squish & 5°
volume 0

- Absent computation of the induction stroke, flow
asymmetries (offset swirl) will not be captured

360° mesh

Head
Detail

Piston
Detail

Simulations of the fuel in-
jection event with the
360° mesh are in progress

COMBUSTION RESEARCH FACILITY
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| %F Pilot injection strategies offer the best

» " potential for mitigating light-load HC/CO
at higher injection pressure (860 bar)

120 ¢ . . . 20 120 M . — ——— 20 120 ¢ . . 20
1.1 mg post injection ] - Main - post mass sweep ] 2.7mg
115¢ : 115 [ (fixed dwell ~ 3.5°) 1 15t ‘Sm?s‘::r‘fc“"“ pilot
110 —Singlg injection ° ) o 115 110 F Single injection- 15 110 ‘/?"e injection - 15
[ e.|;|_':|55|ons : L emissions ‘/.:_‘ | :||
& 105p) ] 105 */ 105}/ o
= 100}, ) 110 100} / 110 100}/ 10 >
o . ] | 8 LI &)
9 95 ! 95| : | 95 ] I
90 J S 90 ° ’ 19 90 | 1 5
85t | 85¢ ] 85} ]
80 1 1 1 1 ] 0 80 ; ) ol ’ L. - ] 0 80 Lamanllo . ’) (L .U. . T N N DA 0
0 1 2 3 4 5 0 2 4 6 8 10 0 1 2 3 4 5
Dwell (CAD) Main Inj. Quantity (mg) Dwell (CAD)

» Close-coupled post injections offered only a small benefit (6-7% reduction)

- Unlikely to impact HC/CO emissions stemming from the squish volume

e Best CO reduction potential is provided by a pilot-like injection strategy

- Minimizing ignition delay most promising strategy to reduce squish volume
emissions

- Impact of pilot injection fairly insensitive to dwell

- Soot is always low at this injection pressure

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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COlg/kg-f]

100 ——

— 20

95
90
85}
80 |
75}
70|
65|
60

Single injection |

emissions

(fixed dwell ~ 3.5°) |

.y

115

>
UHC[g/kg-f]

0

2 4 6 8
Main Inj. Quantity (mg)

10

3

| %F With a lower injection pressure (500 bar)
» splitinjection strategies are most effective

2 4 6 8 10
Main Inj. Quantity (mg)

small

- Combustion noise can increase slightly

* A 60-40 split offers a 20% reduction in CO emissions

- CO emissions are dominated by over-lean mixture in the upper-central cylinder
at this injection pressure

- Soot emissions can become problematic if the first injection quantity is too

COMBUSTION RESEARCH FACILITY

@ Sandia National Laboratories



Future work

o\

e |nvestigation of piston geometry effects on mixture
formation and multiple injection strategies to mitigate
emissions

- Pistons with a stepped-lip bowl geometry specified by Ford
have been procured and will be benchmarked against our
conventional bowl

- Extend mixture formation measurements to higher loads
(8 bar IMEP has been successfully investigated in our optical engine)

e Further assessment of multiple injection strategies

- Light-load strategies for mitigation of HC/CO emissions. Explore synergies between LTC
and pilot injection strategies; examine pilot ignition process under low-temperature,
dilute conditions and its subsequent interaction with main injection ignition

- Investigate idle or very light-load mixture stratification potential by coupling swirl to
multiple small injection events

- Explore higher load strategies focusing on smoke and noise reduction

e Examine and improve near nozzle submodels and identify best modeling
practice needed to accurately predict flow and mixture formation processes

e Extend multi-component vaporization model to include diesel PRFs

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories
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Light-Duty Diesel Combustion Summary

The initial mixture formation process critically impacts HC/CO emissions

Variations in P;,; and Rg change the relative importance of sources of HC/CO (e.g.
squish volume, central bowl)

The optimal multiple injection strategy for reducing HC/CO emissions varies as
the sources of HC/CO vary

MBT timing of light-load PPCl combustion is determined principally by a trade-off
between mixture formation and oxidation kinetics

Poor emissions from MK-like combustion systems with excessive timing retard
are associated primarily with oxidation kinetics, not extended mixing times
Discrepancies between model predictions and experiments point to:

- Need for geometrically accurate, 360° mesh

- Fullinduction stroke calculation to capture asymmetries

- Further examination of near-nozzle entrainment models
Simulations have identified significant impact of P;; & R on heat transfer &

Both experimental and simulation efforts are well situated to make further
progress with new pistons, new injection equipment, and detailed 360° mesh

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



Technical Backup Slides
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%}F Technical backup: MK combustion is also
" largely limited by kinetics, not over-mixing

/
/
/

e Mixture preparation at SOC is very good - neither overly lean nor overly rich

Plane 1 (clearance) Plane 2 (rim)
60 T T 70 o 15
_ 55¢ rHeT:;se 160 § f : 2l —
8 sof 150 3 o . -
% 45} 140 % z = ‘
g 0 Injection 30 %’__ £ o
3 e =g 05
° 35 20 § -
S 30} 10 E S
e 2 0 E \ R 10.0° CA 00 Plane 3 (bowl)
20 3 10~ 30 20 10 O 10 20 30 30 20 10 O 10 20 30 30 20 10 O 10 20 30
<15 <10 -5 0 5 10 15 20 25 X [mmi X [mmi i
CAD
15% O, , e Slow oxidation kinetics require
= SOI=1.2°aTDC ¢ > 0.65 to ensure complete
>\ . [
g oxidation
(V)
2 e The cause of the rapid increase
s co in HC relative to CO as injection
g . — is retarded is due to the
N oxidation kinetics
1 1.5
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e Quantitative vertical plane imaging
proved difficult due to internal
bowl reflections, vignetting, and
low signal levels

Jet axis Bisecting jets

-17.5°CA -W
-15.0°CA W
." ‘.'

-12.5°CA

-10.0°CA

-7.5°CA

-5.0°CA

17.5° bTDC (SOI = 23.3° bTDC)

Cannot measure |

- Z~.. Technical back-up: vertical plane imaging
provides qualitative fuel distributions

Issue with

e data near Vignetting

€ |

- outer bowl near the top
1 wall | surface of the
. I piston

, L
-40 -35 -30 -25 -20 =15, -10 =5 0
X [mm]

Caused by bright
region in calibration
image

Nevertheless, a good qualitative
indication of fuel distributions
within the bowl is provided

At the time of ignition (-5°), a
surprising degree of symmetry
has been achieved
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Toluene/ Gasoline PRF

Technical back-up: a new LIF diagnostic based
on 1-methylnaphthalene and the diesel PRFs
has been developed

Toluene/ Gasoline PRF

System System
D#2 HD HMN TMN Heptane Octane Toluene
e A much better match to mgzr g/mol 2264 2264 1422 1002 1142  92.1
the density, viscosity, and gigssifg) kol | %520 0773 0793 1001 0664 0694 0857
volatility of diesel fuel is oo mnis[ L20 301 320 s34 0505 267 0545
achieved Boiling Temp. °C 137760' 287 240 zz‘lg 99 99 11112'
om =223.16—-0.47617 +0.00037" _ e et
5201 ] 1 mg pilot d e1(sq
E'IS»
s e Pilot injection
N0} . . .
= mixing studies
o e 1.5bar L R
= 5r b a» show improved
0 L signal levels . . S
600 650 700 750 800 850 9200
Temperature (K) over toluene 1@0 E10
e The fluorescence yield is tem- bgsed LIF tech- ° °
perature dependent, but has nique s  Plane2gim o Plane2(rim
little dependency on pressure
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Technical back-up: a deformable connecting
“ rod model has been implemented to account

for optical engine piston compliance

F||=—kAc

F=4,p,, J1-2*sin’ 6

%:—Ewsin9(1+ tan7)+ de CoSs ¥
dt 2 tan@/ dt

——
Impact of variable

connecting rod length j

6
x 10 motored trace match

pressure [Pa]

— CR=15.7, rigid
— CR=16.3, k= 1.0e08 N/m
——O — experiment

—050 0 50
crank angle [degrees ATDC]

e Model closely accounts for peak
pressure loss and deviations in
the shape of the pressure trace
observed with a rigid model
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e Increased injection pressure im-
pedes combustion efficiency
through increased HC/CO and in-
creased heat transfer losses

e Peak transfer rates are significantly
advanced and can exceed to post-
combustion peak heat transfer rate

wall heat transfer rate, pinj = 860 bar

3
o 2.5
©
=
z 2
(V]
c
©
S 15
= —  Rs=1.55
Q
< | ——Rs =2.20
I ——Rs =350
<

0.5 | | | |
30 -20 -10 0 10 20

crank angle [degrees ATDC]

Technical back-up: simulations have explored
the impact of P;,; and R; on heat transfer loss

wall heat transfer rate, RS S

3

)
v 2.5
©
<
=)
S
g 2
%)
g —— P = 500 bar
:: 1.5¢ —pinj=860bar
© — P = 1220 bar
()
< / Piny = 1500 bar
= 1"/ ——— Py = 1750 bar
= Pin; = 2000 bar
0‘5 1 1 1 1
-30 -20 -10 0 10 20

crank angle [degrees ATDC]

e Increasing swirl from 1.55 to
3.5 increases heat losses by
~14 J, or 3.5% of the injected

fuel heating value
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